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Summary
Allelic exclusion ensures that individual B lympho-
cytes produce only one kind of antibody molecule.
Previous studies have shown that allelic exclusion of
the mouse Igk locus occurs by the combination of
monoallelic silencing and a low level of monoallelic
activation for rearrangement combinedwith a negative
feedback loop blocking additional functional rear-
rangements. Using yeast artificial chromosome-based
single-copy isotransgenic mice, we have identified
a cis-acting element that negatively regulates rear-
rangement in this locus, specifically in B cells. The el-
ement, termed Sis, resides in the V-J intervening se-
quence. Sis specifies the targeting of Igk transgenes
in pre-B and B cells to centromeric heterochromatin
and associates with Ikaros, a repressor protein that
also colocalizes with centromeric heterochromatin.
Significantly, these are hallmarks of silenced endoge-
nous germline Igk genes in B cells. These results lead
us to propose that Sis participates in the monoallelic
silencing aspect of allelic exclusion regulation.
Introduction
One challenging paradigm for studying the relationship
between chromatin structure and gene regulation is
the mouse immunoglobulin (Ig) k gene locus (reviewed
in Schlissel [2003, 2004], Bergman and Cedar [2004]).
This locus is the largest multigene family thus far identi-
fied with respect to genomic length, spanning more than
3.2 Mb (Brekke and Garrard, 2004). The locus contains
95 potentially functional Vk genes that have been
grouped into 18 families based on sequence homolo-
gies, four functional and one nonfunctional Jk regions,
and a single Ck exon. A number of cis-acting regulatory
*Correspondence: william.garrard@utsouthwestern.eduelements have been identified in the Igk gene, most no-
tably transcriptional promoters and enhancers as well
as elements that positively regulate gene rearrangement
(reviewed in Schlissel [2004]). Remaining largely uniden-
tified, however, are elements that specify various forms
of negative regulation, including those responsible for
conferring B versus T cell specificity for gene rearrange-
ment, for blocking rearrangement in pro/pre-B cells dur-
ing development, and for governing silencing of alleli-
cally excluded alleles. One candidate element that
could participate in one or more forms of such negative
regulation is a pro/pre-B cell transcriptional silencer,
which we earlier identified in the intervening sequence
between the closest V gene and the J region, termed
Sis (silencer in the intervening sequence) (Liu et al.,
2002). Sis could have a regulatory function(s) that re-
quires its presence near the J-C region in germline al-
leles and/or its deletion/far removal from the J-C region
after V-J joining.
One approach to functionally elucidate Sis is to deter-
mine the consequences of deleting the element on Igk
gene dynamics, either from the native locus or a germline
transgene. Yeast artificial chromosome (YAC)-based
transgenes offer several advantages for elucidating
cis-acting DNA sequences over targeting mutations
into endogenous loci (Peterson, 1999). Single base
changes can be made in 200 kb transgenes in a matter
of weeks using only PCR-generated materials and yeast
transformation. If an interesting phenotype is found in
a mutated transgene, then traditional gene targeting
can be approached with confidence. Multiple polymor-
phisms at key restriction sites can be engineered, allow-
ing PCR assays to be performed for recombination and/
or transcription that can be normalized to endogenous
loci as internal controls. The potential for a phenotype
is greater because of a lesser chance for redundant ele-
ments to compensate for a mutated cis-acting element
in a transgene, and transgenes are passengers not sub-
jected to selective pressures that may lead to compen-
satory physiological expansion or loss of specific cell
types in homozygous knockouts. Finally, ectopic inte-
gration may result in transgenes that are vulnerable to
suppressive effects of the surrounding chromatin envi-
ronment. These variegating transgenes may be more
sensitive to changes in the concentration of nuclear fac-
tors and hence could reveal a phenotype that might be
masked in the corresponding endogenous gene knock-
out (Harker et al., 2002).
Previously we created several YAC-based germline
mouse Igk miniloci containing 50 and 30 distal regions
of the contig. Extensive transgene expression studies
on bone marrow and splenic tissues from mice harbor-
ing these constructs revealed that these miniloci contain
nearly all regulatory elements required for bona fide Igk
expression, including (1) copy number-dependent and
position-independent germline transcription, (2) high-
level rearrangement, (3) correct developmental timing
for rearrangement, (4) B and not T cell specificity for re-
arrangement, (5) high-level transcription of rearranged
genes, and (6) allelic exclusion (Li et al., 2000). These
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406Figure 1. Generation of Single-Copy Iso-
transgenic Mouse Lines
(A) By recombination in yeast, LoxP sites
(closed triangles) were targeted upstream
and downstream of Sis in the germline Igk
minilocus 50DkML, creating a conditional
DSis transgene termed MLk. After creating
transgenic mice with the engineered con-
struct, exposure to Cre recombinase results
in Sis deletion (termed DSisMLk). The closed
arrows depict DNase I hypersensitive sites
that appear most intensively in pre-B cell
chromatin (Liu et al., 2002).
(B) (Ba) An AvrII site was converted to a NcoI
site in the transgene’s Jk region (x). Indicated
are the positions of PCR primers and product
lengths before and after treatment with AvrII
or NcoI to remove the 32P-end label (solid cir-
cle) from the endogenous or transgene prod-
ucts, respectively. (Bb) Phosphorimages of
dried gels from PCR assays of tail DNA of
the indicated animals.2 and +, before and af-
ter digestion with the indicated restriction en-
zyme. T and E refer to transgene and endog-
enous products, respectively. A10 and A14
represent the two independent hemizygous
single-copy transgenic lines being studied
in this investigation.
(C) (Ca) Positions of PCR primers a–c used to
specifically assay for the presence or ab-
sence of the transgenes’ Sis. (Cb) PCR reac-
tion products generated with the indicated
primers were separated on agarose gels.
WT/WT refers to a nontransgenic control,
MLk WT/WT and DSisMLk WT/WT refer to
the transgenes genotypes in the wild-type
mice genetic backgrounds, before and after
being bred with MORE mice, a germline Cre
deleter strain (Tallquist and Soriano, 2000).YAC-based transgenes contain additional upstream and
downstream sequences missing from other poorly regu-
lated transgenes, sequences residing in both 50 and 30 of
the Jk-Ck region, including Sis. Using one of these YAC-
based Igk miniloci, we have established conditional,
single-copy DSis transgenic mice lines, and their iso-
transgenic partners after germline deletion of Sis by
Cre recombinase. These isotransgenic lines permit pair-
wise comparisons to be made on Igk gene dynamics.
These studies reveal that Sis negatively regulates V-J
joining during B cell maturation, making it the first exam-
ple of an endogenous sequence that silences Ig gene
V-J joining specifically in B lymphocytes. Sis is also
the first example of a cis-acting DNA element within Ig
genes that regulates subnuclear positioning, because
we further demonstrate that Sis specifies the targeting
of germline transgenes to centromeric heterochromatin
and associates with Ikaros, a repressor protein that
colocalizes with centromeric heterochromatin. Notably,
these are hallmarks of silenced endogenous germline
Igk genes in B cells (Skok et al., 2001; Goldmit et al.,
2005). These results lead us to propose that Sis partici-
pates in the regulation of locus allelic exclusion.
Results
Generation of Single-Copy Isotransgenic Mice
We selected the shortest and most tractable YAC trans-
gene, 225 kb 50DkML (Li et al., 2000), and utilized homol-ogous recombination in yeast to introduce LoxP sites
flanking DNase I hypersensitive sites (HSs) 3–6 found
in Sis (Figure 1A and see Figure S1 in the Supplemental
Data available with this article online). We term this con-
ditional DSis transgene MLk. We utilized pulsed-field gel
electrophoresis to isolate the engineered YAC DNA for
microinjection into fertilized mouse eggs to create trans-
genic mice. After screening to identify those that con-
tained single-copy, germline transmissible and appro-
priately expressed transgenes, we identified two lines,
termed A10 and A14, that fulfilled these criteria. These
lines have largely intact transgenes because V regions
separated by more than 90 kb from J regions undergo
appropriate V-J joining (see below). To assay for trans-
gene copy number, we used a PCR assay that employs
a radioactive primer and takes advantage of point muta-
tions that had previously been introduced into the trans-
gene. These mutations convert an AvrII site to an NcoI
site between the Jk2 and Jk3 regions (Figure 1Ba, x).
PCR amplification of germline DNA using a radioactive
primer 30 of this restriction site polymorphism results
in a radioactive signal exclusively representing the
transgene product after AvrII cleavage, or exclusively
representing the endogenous gene product after NcoI
cleavage, and no signal after double digestion. Quanti-
tation of the phosphorimages shown in Figure 1Bb
reveals that the A10 and A14 transgene signals are
approximately 50% of those derived from endogenous
alleles. Furthermore, the results of three-color, 3D
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407Figure 2. Comparison of the Relative Levels of Vk2-Jk1/2 Rearrangement between MLk 6 Sis and Endogenous Loci in Different Genetic Back-
grounds
(A) Lower left and right diagrams show Vk2 rearrangement to Jk1 and Jk2, respectively. An AvrII site was converted to a NcoI site in the trans-
gene’s Jk region (x). Positions of PCR primers and radioactive product lengths after treatment with AvrII or NcoI to remove the 32P-end label
(solid circle) from the endogenous or transgene products, respectively.
(B) Phosphorimages of dried gels from Vk2 rearrangement PCR assays of B220+ splenic B cell DNA from A14 isotransgenic hemizygous mice.
Indicated at the top are the transgene’s genotypes and strain genetic backgrounds. 2 and +, before and after digestion with the indicated
restriction enzyme. T and E refer to transgene and endogenous products, respectively.fluorescent in situ hybridization (3D FISH) confirm that
these lines carry single-copy, hemizygous transgenes
(see below), thus attesting to the validity of this PCR as-
say. MLk A10 and A14 transgenic lines were extensively
backcrossed to C57BL/6 mice and bred with a germline
Cre deleter mouse strain, called MORE (Tallquist and
Soriano, 2000), which has also been backcrossed to
C57BL/6 mice. F2 mice were screened by PCR assays
to identify progeny carrying stoichiometric deletions of
Sis in hemizygous transgenes (Figures 1Ca and 1Cb).
In summary, we established two single-copy isotrans-
genic mouse lines with or without the Sis deletion
(termed MLk and DSisMLk, respectively) for pairwise
comparisons of Igk transgene function.
In addition, to determine if Sis might regulate the tim-
ing of V-J joining during B cell development, we also
bred MLk and DSisMLk isotransgenic mice lines with
a line that possesses a knockin prerearranged Vk8
gene (Prak and Weigert, 1995). Previous studies have
shown that knockin, rearranged Igk alleles are ex-
pressed later in development than are rearranged, ec-
topically integrated Igk transgenes (Pelanda et al.,
1996). If upon Sis deletion transgenes undergo V-J join-
ing developmentally before the expression of the Vk8
knockin allele and the subsequent downregulation of
recombination activating gene (RAG) expression (Na-
gaoka et al., 2000), then one would expect to observe
a higher proportion of transgene rearrangements rela-
tive to rearrangements exhibited by the endogenous
germline allelic partner of the Vk8 knockin allele, relative
to the appropriate controls.
Deletion of Sis Dramatically Enhances V-J Joining
without Affecting Its Developmental Timing
We first determined the effect of deleting Sis on V-J join-
ing. The four functional Vk genes in MLk are three Vk2
and one Vk21 family members (Figure 1A; Li et al.,
2000). We therefore assayed for the rearrangement of
these V genes to Jk1 in both transgenic and endogenous
alleles. For this purpose, we utilized DNA samples ob-
tained from affinity-purified B220+ bone marrow and
splenic B cells derived from hemizygous isotransgenic
mice A10 and A14 lines with the following two differentgenetic backgrounds: (1) WT/WT; and (2) WT/Vk8. To
specifically assay for the relative levels of rearrange-
ment of transgene and endogenous Igk gene sequences
in these corresponding samples, we utilized a radioac-
tive PCR assay similar to that described above
(Figure 1B), but the 50 primer was complementary either
to Vk2 or Vk21 (Figure 2A). To establish the reproducibil-
ity of this assay and the uniformity of the phenotypes in
an isotransgenic mouse line, we first performed this as-
say on splenic samples pooled from two to three ani-
mals of the A14 line in the WT/WT genetic background,
independently at least three times on different indepen-
dent batches of these corresponding samples, and
present representative results in Figure 2B. Quantitation
of these and other phosphorimages revealed that dele-
tion of Sis results in a striking increase in both Vk2 and
Vk21 rearrangement that is statistically significant as
judged by Student’s t test (p < 0.01–0.05). For example,
nearly a 14-fold increase in Vk2 joining occurred after
deletion of Sis (Table 1). Because of the reproducibility
and uniformity of these results, we performed most ad-
ditional assays on bone marrow and splenic samples
pooled from two to three animals of the isotransgenic
mice lines in the two genetic backgrounds, indepen-
dently on two different independent batches of corre-
sponding samples, and present the means of these
values in Table 1. The results revealed that both A10
and A14 lines exhibited from 4.1- to 14.5-fold enhanced
rearrangement of both Vk2 and Vk21 upon Sis deletion in
bone marrow and splenic tissues in the WT/WT genetic
background (mean = 8.7x) (Table 1). Very similar results
were also obtained for rearrangement of these V genes
to Jk2 (Figure 2B; data not shown). Although not statis-
tically significant, the perception that rearrangement
seems to be stimulated to a higher degree in spleen as
compared to bone marrow after Sis deletion possibly
may reflect B cell selection. In addition, in the majority
of samples, upon Sis deletion, rearrangement was stim-
ulated to a higher level for Vk2 compared to Vk21 (Ta-
ble 1). As expected, we also observed very similar corre-
sponding increases in rearranged transgene-derived
spliced transcript levels upon Sis deletion (Figure S2
and Table S1).
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408Table 1. Effect of Deletion of Sis on Igk Gene Rearrangement: Sis Is a Recombination Silencer
Genotypea Genotypea
Tg Line Tissue Vk MLkWTWT
DSis
MLk
WT
WT 2Sis/+Sis
b MLkVk8WT
DSis
MLk
Vk8
WT 2Sis/+Sis
b
A10 Bone Marrow Vk21 0.48 2.58 5.4 1.33* 11.1* 8.4
Vk2 0.55 4.00 7.3 0.58* 4.33 7.5
Spleen Vk21 0.19 2.37 12.4 1.03* 2.54* 2.5
Vk2 0.56* 8.10* 14.5 0.65* 2.39* 3.7
A14 Bone Marrow Vk21 0.58 2.74 4.7 0.99 4.08 4.1
Vk2 0.42 3.06 7.3 0.61* 3.73* 6.1
Spleen Vk21 0.54 6 0.21 2.22 6 0.30 4.1 1.16 2.34 2.1
Vk2 0.18 6 0.10 2.48 6 1.3 13.8 0.34 2.64 7.7
Tg, transgenic. When standard deviations are presented, nR 3; when single numbers are presented, two separate pools from two to three an-
imals were assayed independently, and the mean values are shown; when values with asterisks are presented, one pool from two to three
animals was assayed.
a The numbers represent the Vk-Jk1 rearrangement levels of the transgene/endogenous for the indicated genotypes.
b2Sis/+Sis refers to the Vk-Jk1 rearrangement levels of DSisMLk/endogenous divided by the rearrangement levels of MLk/endogenous.In WT/Vk8 hemizygous isotransgenic mice, the ratio of
transgene/nonrearranged endogenous Igk sequences is
increased by 2-fold in the germline. Therefore, even if
V-J joining of the transgene is downregulated in B cells
in parallel to that of the endogenous locus in WT/Vk8
mice, the transgene to endogenous rearrangement ratio
would still increase by 2-fold compared to that observed
in the WT/WT genetic background. The results shown in
Table 1 reveal that, in several samples, there is about a
2-fold increase in this rearrangement ratio in going from
the WT/WT to the WT/Vk8 genetic backgrounds for
transgenic mice lines that possess Sis, indicating that
the transgene undergoes rearrangement at the same de-
velopmental stage as the endogenous allele. Upon Sis
deletion, transgene rearrangement was again stimulated
but to a lesser degree in six of eight cases in the WT/Vk8
as compared to the WT/WT genetic background (Ta-
ble 1). Thus, comparison of these results with the WT/
WT data indicates that the transgene still undergoes re-
arrangement at the same developmental stage as the
endogenous allele upon Sis deletion. These results are
also consistent with the observed absence of nongerm-
line nucleotides (N regions) in transgene V-J junctions
derived from alleles possessing or lacking Sis, which
are known to be inserted in IgH V(D)J junctions specifi-
cally in pro-B cells (Komori et al., 1993) (Table S2).
Deletion of Sis Results in Reduced Levels
of Germline Transcripts in Pre-B Cells
Monoallelic germline transcription from promoters im-
mediately upstream of the Jk region in pre-B cells is es-
sential for triggering Igk gene locus activation for gene
rearrangement (Cocea et al., 1999; Liang et al., 2004).
Because Sis is a pro/pre-B-cell-specific transcriptional
silencer in reporter gene constructs and resides only
several kb upstream from these germline promoters in
the native locus (Liu et al., 2002), one would predict
that deletion of Sis might result in higher levels of germ-
line transcripts and hence mechanistically explain the
observed enhanced rearrangement. To test this predic-
tion, we isolated pre-B cells from the bone marrow of
A10 and A14 isotransgenic mice lines for RNA purifica-
tion. For comparison, we also isolated RNA samples
from total B cells of bone marrow and splenic tissues de-
rived from these mice. To specifically assay for the rela-tive levels of spliced germline transcripts arising from
transgene and endogenous Igk sequences in these cor-
responding samples, we utilized a radioactive RT-PCR
assay that takes advantage of silent point mutations
that had previously been introduced into the Ck region
of the transgene, which eliminate a BclI site (Figure 3A,
x), with a 50 primer complementary to the leader exon
originating from transcription from the 50 Igk gene germ-
line promoter (Figure 4A; VanNess et al., 1981; Martin
and VanNess, 1990). Hence, spliced germline gene tran-
scripts arising from the transgene and endogenous al-
leles could be distinguished by gel electrophoresis after
BclI digestion of the RT-PCR products. Figure 3B illus-
trates representative results obtained from the A14 iso-
transgenic mouse line for this assay that, surprisingly,
do not fulfill our prediction. Quantitation of these and
other phosphorimages reveals that, upon deletion of
Sis from both transgenic mice lines, an unexpected
2.8- to 4.8-fold decline occurs in the levels of germline
transcripts derived from the 50 promoter in pre-B cells;
in addition, very similar reductions were also observed
in the levels of spliced germline transcripts derived
from the 30 promoter in pre-B cells (Table 2). By contrast,
only very minor differences were seen upon Sis deletion
in the levels of germline transcripts in total B cell popu-
lations from bone marrow and splenic tissues (Table 2).
These results suggest that Sis plays a positive role in
determining the steady-state levels of spliced germline
transcripts in pre-B cells.
Sis Specifies Targeting of Germline Igk Transgenes
to Centromeric Heterochromatin
It has previously been demonstrated by immuno-FISH
that silenced and allelically excluded mouse germline
Igk loci in resting B lymphocytes become repositioned
in the interphase nuclei of cycling cells to centromeric
heterochromatin domains in close association with the
protein Ikaros (Brown et al., 1997; Skok et al., 2001).
This localization also occurs in pre-B cells on the germ-
line late-replicating Igk allele that is not preferred for re-
arrangement (Mostoslavsky et al., 2001; Goldmit et al.,
2005). To determine if MLk colocalizes with centromeric
heterochromatin domains similar to its silenced endog-
enous counterparts, we performed three-color 3D FISH
with pre-B cells and stimulated splenic B cells from
Sis Regulates Igk V-J Joining and Nuclear Location
409Figure 3. Comparison of the Relative Levels of Germline Transcripts between MLk 6 Sis and Endogenous Loci in Isotransgenic Hemizygous
Lines
(A) Scheme for RT-PCR analysis of germline transcription from the kº 50 promoter. A BclI site was eliminated in the transgene’s Ck region (x),
resulting in a silent mutation. PCR amplification gives rise to products, which, if derived from the endogenous k alleles, are sensitive to BclI di-
gestion and are converted to the indicated shorter fragments that are 32P-labeled at their 50 ends.
(B) Phosphorimages of dried gels displaying RT-PCR products of germline transcripts amplified from RNA of pre-B or total B cells derived from
bone marrow or splenic B cells of A14 isotransgenic mice. Indicated at the top are the transgene’s genotypes and strain genetic backgrounds.
2 and +, before and after BclI digestion. T and E refer to transgene and endogenous products, respectively.hemizygous isotransgenic mice and nontransgenic con-
trols. Figures 4A–4I show representative reconstructed
3D optical images of probe hybridization patterns for
these samples’ nuclei. We used one Igk probe that had
sequences common between the transgene and the en-
dogenous locus (Figures 4A–4I, orange), another Igk
probe that was complementary to upstream endoge-
nous sequences absent from MLk (Figures 4A–4I,
green), and a g-satellite probe (Figures 4A–4I, blue). His-
tograms reflecting the percentages of centromeric
localization are shown in Figure 4J. In agreement with
previous studies (Skok et al., 2001; Goldmit et al., 2005),
we found that the majority of nuclei examined from
nontransgenic or transgenic animals’ pre-B and B cells
exhibited monoallelic positioning of one endogenous
Igk allele to centromeric heterochromatin domains (Fig-
ure 4J, dark bars). Strikingly, intact transgenes also were
localized in centromeric heterochromatin domains in the
majority of nuclei from both A10 and A14 transgenic
lines’ pre-B and B cells (Figure 4J). We conclude that
MLk contains all the necessary sequence information
for targeting germline transgenes to centromeric hetero-
chromatin domains. Even more interesting, upon Sis de-
letion, only 27% and 32% of the pre-B cell nuclei and
23% and 16% of the B cell nuclei exhibited transgenes
that colocalized with centromeric heterochromatin do-
mains in A10 and A14 transgenic lines, respectively
(Figure 4J). Analysis of these data using Fisher’s exact
test reveals that the transgene nuclear distributions
are significantly different between each isotransgenic
pair (p < 0.0001). These observations allow us to con-
clude that Sis plays a major role in targeting germline
Igk transgene sequences to centromeric heterochroma-
tin domains in pre-B and B cells.
Sis Contributes to the Localized Association
of Ikaros
The zinc-finger protein Ikaros colocalizes with centro-
meric heterochromatin and silenced Igk alleles and isthought to be responsible for targeting this and other
genes to these nuclear subcompartments (Brown
et al., 1997, 1999; Cobb et al., 2000; Skok et al., 2001;
Trinh et al., 2001; Goldmit et al., 2005; Su et al., 2005).
Previously, Goldmit et al. (2005) demonstrated by chro-
matin immunoprecipitation (ChIP) that Ikaros associates
with the J-C region of the Igk locus in pre-B cells, pre-
sumably on the single allele in each cell localized in cen-
tromeric heterochromatin. In view of our above 3D FISH
observations showing that Sis specifies centromeric
heterochromatin localization where Ikaros is known to
reside, we investigated the possibility that Sis and the
other selected Igk gene segments spanning 35 kb
shown in the map in Figure 5A may also be associated
with Ikaros, also by ChIP. We used mouse g-satellite
DNA as a positive control and the b-actin gene as a neg-
ative control. After ChIP using anti-Ikaros antibodies
with crosslinked chromatin from stimulated nontrans-
genic splenic B cells, we found that endogenous g-sat-
ellite sequences were enriched about 7-fold, but not the
actin gene control (Figure 5B). As expected, no enrich-
ment was seen for any of the sequences studied after
ChIP with preimmune control sera (Figure 5B). By this
analysis, we found an enrichment for sequences associ-
ated with Ikaros throughout the 35 kb region studied that
exhibited a progressive increase in Ikaros enrichment in
proceeding 50 to 30 along the Igk locus (Figure 5C). We
conclude that Sis and other Igk sequences are associ-
ated with Ikaros, presumably specifically on the silenced
and allelically excluded germline alleles in these cells. In
fact, a sequence search against the Ikaros binding site
consensus sequence TTGGGA (Molna´r and Georgopou-
los, 1994) revealed 21 such sites in the 35 kb region in-
vestigated, with five such sites in Sis alone. To specifi-
cally address whether deletion of Sis from the
transgene results in a localized diminution in bound
Ikaros, we performed ChIP with stimulated splenic B
cells and pre-B cells from isotransgenic mice using
a primer pair specific for the transgene’s 30 LoxP site
Immunity
410Figure 4. Three-Color 3D FISH for Localization of Igk and g-Satellite Sequences in Pre-B and Stimulated B Cell Nuclei
Representative reconstructed 3D optical images of probe hybridizations to endogenous Igk sequences (green), transgene plus endogenous Igk
sequences (orange), and g-satellite DNA (blue) of bone-marrow-derived pre-B cells or LPS-stimulated B220+ splenic cells. Nuclei are outlined by
white lines as identified by DAPI staining. Stimulated B cell samples are (A) nontransgenic control, A10 hemizygous isotransgenic lines with intact
MLk (B) or Sis deleted from MLk (C), A14 hemizygous isotransgenic lines with intact MLk (D), or Sis deleted from MLk (E). Pre-B cell samples are
A10 hemizygous isotransgenic lines with intact MLk (F) or Sis deleted from MLk (G); A14 hemizygous isotransgenic lines with intact MLk (H) or Sis
deleted from MLk (I). (J) Histograms representing the percent of mono- or biallelic localization in centromeric heterochromatin domains of en-
dogenous sequences (dark and blue bars, respectively) and percent localization in centromeric heterochromatin domains of transgene se-
quences (gray bars) for the indicated mouse lines. For each line, between 77 and 128 nuclei were scored.and a flanking downstream region (Figure 5D, upper di-
agram). Note that this region is only present in germline
transgenes because it would be deleted upon V-J join-ing due to the orientations of the four functional V genes
in MLk. We used real-time PCR to quantitate the results
and found that deletion of Sis from the transgenes
Sis Regulates Igk V-J Joining and Nuclear Location
411Table 2. Effect of Deletion of Sis on IgkGermline Transcription: Deletion of Sis Results in Decreased Levels of IgkGene Germline Transcripts
in Pre-B Cells
Genotypea
Tg Line Tissue Cells MLkWTWT
DSis
MLk
WT
WT 2Sis/+Sis
b
A10 Bone Marrow Pre-B 0.59 0.73 0.21 0.22 0.36 0.30
B 0.43 0.46 1.1
Spleen B 0.95 0.83 0.87
A14 Bone Marrow Pre-B 1.35 1.24 0.28 0.28 0.21 0.23
B 0.76 6 0.38 0.47 6 0.34 0.62
Spleen B 1.16 6 0.56 0.84 6 0.51 0.72
a The numbers represent the germline gene-spliced transcript levels of the transgene/endogenous for the indicated genotypes. When two num-
bers are presented, they refer to transcript levels derived from the 50 and 30 promoters (left to right, respectively). When single numbers are pre-
sented, they refer to transcript levels derived from the 50 promoter.
b2Sis/+Sis refers to the germline gene spliced transcript levels of DSisMLk/endogenous divided by the germline gene-spliced transcript levels
of MLk/endogenous.resulted in a several-fold reduction in Ikaros occupancy
in A10 and A14 lines resulting in no enrichment over in-
put DNA (Figure 5D). We conclude that Sis significantly
participates in the localized recruitment of Ikaros to
germline transgenes. To determine if Sis deletion from
the transgenes affected the occupancy of Ikaros on
the transgenes’ downstream Jk and Ck regions, we
took advantage of sequence polymorphisms and again
utilized real-time PCR assays. As shown in Figure 5E,
deletion of Sis did not affect Ikaros occupancy in pre-
B cells at these more distal sites.
Discussion
Here we have elucidated the in vivo function of Sis by uti-
lizing a germline Igk minilocus engineered as a YAC to
create two independent lines of single-copy isotrans-
genic mice, that, within a line, either possess or lack
Sis at identical chromosomal integration sites. We found
that deletion of Sis results in a dramatic increase in V-J
joining upon B cell maturation, which is preceded by
major reductions in centromeric heterochromatin local-
ization and localized Ikaros association from corre-
sponding germline alleles in pre-B cells. Parameters
not affected by Sis deletion include the timing or B/T
cell specificity of rearrangement (Table S2 and Fig-
ure S3), the level of germline transcription in mature B
cells, and major changes in DNA methylation levels in
pre-B and B cells (data not shown). In addition, we
have no evidence that Sis might be involved in receptor
editing, but the element might contribute to J region
choice in initial rearrangement events (Figure S4).
Normally, germline transcription in pre-B cells is es-
sential for triggering Igk gene locus activation for gene
rearrangement (Cocea et al., 1999; Liang et al., 2004).
However, unexpectedly, we found that deletion of Sis re-
sults in decreased levels of germline transcripts in pre-B
cells. However, in these experiments, we measured the
steady-state levels of spliced germline transcripts and
did not directly measure RNA polymerase density along
transgenes. Because nuclear location could affect splic-
ing efficiency as well as RNA stability, it is formally pos-
sible that the initial rate of germline transcription could in
fact have been increased upon Sis deletion. On the other
hand, if the steady-state levels of spliced germline tran-
scripts accurately reflect transcription rates, then possi-bly this reduced level of transcription may be explained
by the element protecting the germline promoters from
flanking chromosomal position effects. One simple in-
terpretation of this result is that Sis does not negatively
regulate rearrangement by downregulating germline
transcription but works through a different mechanism,
and, after its deletion, a normal rate of germline tran-
scription is no longer required to generate chromatin ac-
cessibility to the recombination apparatus. Alterna-
tively, the normal level of germline transcription may
far exceed the threshold needed to generate chromatin
accessibility. Schlissel and coworkers have shown that
only about 5% of the Igk alleles in a pre-B cell population
are monoallelically producing germline transcripts, and
it is these alleles that undergo rearrangement (Liang
et al., 2004). Hence, it is possible that a much higher pro-
portion of alleles are being transcribed after Sis deletion
at a markedly reduced but still above-threshold level,
thus generating accessibility to a larger fraction of
alleles.
Sis is the first example of an endogenous sequence
that negatively regulates Ig gene V-J joining specifically
in B lymphocytes, being distinct in cell type specificity
and sequence from other silencers previously identified
in the mouse Igk locus (Pierce et al., 1991; Saksela and
Baltimore, 1993). Interestingly, a sequence in a related
position within the chicken Igl gene has been shown
to suppress recombination 5-fold in mice transgenic
for the corresponding chicken locus (Lauster et al.,
1993; Bulfone-Paus et al., 1995). However, this silencer
does not share significant sequence homology with
Sis, nor does it exhibit pro/pre-B-cell specific silencer
activity as does Sis (Liu et al., 2002). Furthermore, the
sequence of Sis is not conserved in the human Igk
gene locus such as those of the transcriptional en-
hancers and MAR (Hole et al., 1991; Whitehurst et al.,
1992; Liu et al., 2002). Possibly, mechanisms that regu-
late recombination may have evolved more recently in
evolution than the time of divergence of these species.
Sis is a unique cis-acting element representing the
first example of a sequence within Ig genes that regu-
lates subnuclear positioning. In this respect, subnuclear
targeting sequences have been previously identified in
other systems, such as the X chromosome inactivation
center or the imprinting center of the H19-Igf2 locus,
which each specify monoallelic silencing (Lee and
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412Figure 5. Assay for Bound Ikaros In Vivo by ChIP
(A) Map of a 35 kb segment of the Igk locus with sites assayed for by PCR amplification in ChIP samples indicated by the underlying solid circles.
(B) ChIP analysis of B220+ LPS-stimulated splenic cells from nontransgenic mice. Semiquantitative PCR reactions were performed using 1, 3,
and 9 ng of DNA templates with the input, anti-Ikaros bound, and preimmune control fractions.
(C) Quantification of the data in (B). Similar results were obtained in repeat experiments.
(D) Anti-Ikaros ChIP analysis of LPS-stimulated splenic B cells and bone-marrow-derived pre-B cells from A10 and A14 isotransgenic mice. Real-
time PCR was performed using SYBR green with a primer pair specific for the transgene’s 30 LoxP site and a flanking downstream region with the
input and anti-Ikaros-bound fractions as shown in the upper diagram. Error bars represent the standard devation from the means.
(E) Anti-Ikaros ChIP analysis of downstream Igk sequences in bone-marrow-derived pre-B cells from A10 and A14 isotransgenic mice. Real-time
PCR was performed using TaqMan probes specific for the Jk and Ck polymorphisms in the transgene and endogenous sequences.Jaenisch, 1997; Gribnau et al., 2003). Is a noncentromeric
nuclear location important in determining chromatin ac-
cessibility to the recombination apparatus? Bergman
and coworkers have shown that the early replicating
non-centromeric Igk allele is preferentially selected for
V-J joining during B cell maturation (Mostoslavsky
et al., 2001; Goldmit et al., 2005). We find increased rear-
rangement in transgenes upon Sis deletion that is pre-
ceded by a relocation of transgenes in pre-B cells to
noncentromeric nuclear compartments. Taken together,
these two events seem to be functionally connected.
Nevertheless, it is still possible that Sis independentlyregulates nuclear location and chromatin accessibility
to the recombination apparatus and that these two phe-
nomena are not directly connected.
How might Sis specify targeting of germline Igk alleles
to centromeric domains? Ikaros colocalizes with centro-
meric heterochromatin, and its binding has been hy-
pothesized to be responsible for the silencing and local-
ization to centromeric heterochromatin for other genes
(for review, see Su et al. [2005]). ChIP revealed that Sis
and selected sequences throughout the locus possess
bound Ikaros. Interestingly, Ikaros is known to recruit
the NuRD complex, which contains histone deacetylase
Sis Regulates Igk V-J Joining and Nuclear Location
413and nucleosome remodeling activities (Kim et al., 1999).
Significantly, upon Sis deletion, germline Igk transgenes
exhibit a localized diminution in Ikaros occupancy, but
Ikaros occupancy remained unchanged on Jk and Ck
downstream sequences in Sis-deleted transgenes.
Thus, although Sis recruits Ikaros, other Igk sequences
do so also independently of Sis. Furthermore, the pres-
ence of bound Ikaros per se on Jk and Ck sequences
does not result in centromeric targeting. Hence, we con-
clude either that centromeric targeting requires the
binding of Ikaros to Sis together with additional un-
known proteins or that other unidentified proteins per
se are involved independent of Ikaros binding.
Our present results may have a direct bearing on the
mechanisms of allelic exclusion regulation. A single B
cell expresses only one kind of antigen receptor (BCR),
having unique IgH and IgL chain proteins (reviewed in
Mostoslavsky et al. [2004]). This is important not only
for optimizing antibody-antigen specificities by single
cells but also because autoimmunity could result if a sin-
gle cell expressed at least two different BCRs, one di-
rected at an infectious agent and the other against
a self-antigen. Previous studies have shown that allelic
exclusion of the mouse Igk locus occurs by the combi-
nation of monoallelic silencing and a low level of mono-
allelic activation for rearrangement combined with
a negative feedback loop blocking additional functional
rearrangements due to downregulation of RAG expres-
sion (Mostoslavsky et al., 1998, 2001; Nagaoka et al.,
2000; Goldmit et al., 2002, 2005; Liang et al., 2004; Rol-
da´n et al., 2005; for review, see Sen [2005]). Our results
lead us to suggest that Sis participates in the monoal-
lelic silencing aspect of allelic exclusion regulation
through the targeting to centromeric heterochromatin
domains.
Experimental Procedures
Mouse Strains
The details for engineering YAC-constructs, generation of trans-
genic mice, and strain genotyping are provided as Supplemental
Data.
Cell Fractionation
Single-cell suspensions were prepared from bone marrow and
spleens of 8- to 12-week-old mice as described (Coligan et al.,
1994). Generally, we pooled bone marrow or splenic cells from two
to three animals of the same genetic background. For RT-PCR and
3D FISH experiments, pre-B cells were isolated from bone marrow
after negative selection with a mixture of biotinylated anti-CD43,
anti-IgM, and anti-NK-1 (PharMingen, San Diego, California) using
streptavidin microbeads for loading into MACS columns (Miltenyi Bi-
otec, Inc., Auburn, California). Flowthrough fractions were subjected
to flow cytometry using a MoFlo (DAKO) and sorted with R-PE-con-
jugated anti-B220+ (PharMingen) and FITC-conjugated anti-IgM2
and the FSClo gate. For B cell isolation by positive selection, cells
were incubated with biotinylated anti-B220 Abs (PharMingen),
then with streptavidin microbeads, and then bound to and eluted
from MACS columns. For T cell isolation, single-cell suspensions
of mouse thymus tissue were fractionated on MACS columns as
above using biotinylated anti-CD33 (PharMingen). For ChIP assays,
pre-B cells were isolated from bone marrow of RAG1ºxm (Spanopou-
lou et al. [1994]; kindly provided by Mark Schlissel) bred to carry the
Igk isotransgenes and mature B cells from wild-type isotransgenic
mice splenic cell suspensions. Samples were incubated with bioti-
nylated anti-mouse CD43 and biotinylated anti-mouse CD11b (Phar-
Mingen), then with streptavidin microbeads for loading onto MACS
columns. The unbound pre-B or B cells were collected. The B cellswere further cultured for 48 hr with LPS as described (Liu and Gar-
rard, 2005).
PCR and RT-PCR Assays
The details of these procedures are provided as Supplemental Data.
ChIP
Disuccinimidyl glutarate (Sigma) was added to 1 mM to crosslink 108
pre-B or stimulated mature B cells for 30 min at room temperature,
followed by incubation in 1% formaldehyde at 37ºC for 1 hr. Fixed
cells were washed, disrupted, and sonicated, and chromatin was
subjected to ChIP using 10 mg anti-Ikaros antibody (a gift from Ste-
phen Smale) as described (Fernandez et al., 2001; Liu and Garrard,
2005; Schaarschmidt et al., 2002). DNA concentration was measured
by picogreen fluorometry. Serial 3-fold dilutions (1, 3, and 9 ng) of im-
munoprecipitated and input DNA fractions were analyzed by PCR
assays (see Supplemental Data). Quantitative real-time PCR was
performed on 2 ng DNA samples on the 7300 Real-Time PCR System
(Applied Biosystems, Foster City, California) with either SYBR green
or TaqMan probes.
FISH and 3D Imaging
DNA probes were gel isolated from pgSat after NotI/SalI digestion
(Lundgren et al., 2000) and from the MAR+ ENH+ LF Igk plasmid after
EcoRI digestion (Blasquez et al., 1989). The endogenous Igk locus-
specific probe was total yeast DNA isolated from a strain carrying
YAC FDA.G2 (George et al., 1995). Probes were labeled with dye-
conjugated dUTPs using a nick translation kit (Vysis, Downers Grove,
Illinois). Negatively selected B cells cultured as described above,
and negatively selected pre-B cell were fixed with methanol-acetic
acid (3:1) once and stored at220ºC until being dropped onto slides.
Samples on 1-day-old slides were denatured for 10 min at 70ºC in
hybridization buffer containing 70% formamide (Sigma) and 2X
SSC (pH 7.0), dehydrated by a cold ethanol series, and air-dried. A
mix of 500 ng of Spectrum-orange-conjugated Igk probe, 500 ng of
Spectrum-green-conjugated endogenous Igk locus-specific probe,
and 50 ng of Cy-5-conjugated satellite probe in a hybridization buffer
containing 50% formamide, 10% dextran sulfate, 11 mg of Cot-1 DNA
(Invitrogen), and 13 SSC was denatured at 78ºC for 5 min and then
hybridized to the cells for 16 hr at 37ºC in a humidified chamber.
The slides were washed for 2 min with 0.43 SSC/0.3% NP-40 at
70ºC, and 1 min in 23 SSC/0.1% NP-40 at room temperature. After
being air dried, the cells were counterstained with Vectashield con-
taining 4.6-diamidino-2-phenylindole-dihydrochloride (DAPI, 0.6
mg/ml final concentration, Vector Laboratories, Burlingame, Califor-
nia). The nuclei were captured with Spectrum orange, Spectrum
green, Cy-5, and DAPI single-bandpass filter sets as 90 stacks sep-
arated by 0.2 mm by a Zeiss Axioplan 2 microscope equipped with
a Zeiss ApoTome module (633, 1.4 NA; Plan-Apochromat oil immer-
sion objective; Thornwood, New York). Optical sections were col-
lected at 0.2 mm steps and saved as 90 z stacks through individual
nuclei for analysis. The nuclei were reconstructed into 3D images
using Zeiss ApoTome software. Only nuclei from nontransgenic
and transgenic cells in which two and three Igk signals could be
visualized, respectively, were scored.
Supplemental Data
Supplemental Data include Supplemental Results, Supplemental
Experimental Procedures, Supplemental References, four figures,
and two tables and can be found with this article online at http://
www.immunity.com/cgi/content/full/24/4/405/DC1/.
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